This article describes the tremendous efforts made in the field of measles immunization in Saudi Arabia in the past 20 years, from the control phase to the elimination phase. Mandatory measles vaccination with one-dose Schwartz vaccine was introduced in 1982 by a royal decree, a step aimed at increasing vaccine coverage. In 1991, a two-dose schedule was implemented using Edmonston-Zagreb measles vaccine , with a first dose at 6 months to protect children younger than 9 months and a second dose of MMR at 12 months of age to protect those who did not respond to the first dose. A marked reduction in the epidemic peak and a shift of infection to older age were noticed. But the same data showed that 50% of measles cases in the 1-to 4-year age group occurred in vaccinated children. In 1998, with the start of elimination phase, an MMR campaign was launched in two phases, targeting school children in 1998 (secondary schools) and in 2000 (primary and intermediate schools). Evaluation of the MMR campaign and surveillance data was reflected in the measles immunization policy by shifting the age of measles immunization to 12 months and to preschool using the two-dose MMR schedule.
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Mohamed K.M. Khalil, Yagob Y. Al-Mazrou, Mansour N. AlHowasi, Mohamed Al-Jeffri T remendous efforts have been made in the field of immunization in Saudi Arabia in the past 20 years. The introduction of measles vaccination into immunization programmes has resulted in a marked reduction in the incidence of the disease and its associated morbidity and mortality. However, the shift from immunity acquired through natural exposure to immunity induced through vaccination is a delicate and complex process that needs continuous monitoring and evaluation. Despite the remarkable progress made in measles control with the introduction of measles vaccination, sustained political and economic commitments are needed because outbreaks continue to occur, even in highly vaccinated populations. This continuous strain on resources was the most important factor that has changed the concept of measles prevention and control in all countries, from a strategy of control to one with an ultimate aim of elimination, and then global eradication. In this article, we provide an update on efforts to develop an immunization strategy against measles in Saudi Arabia. We also describe the effect of the level of intervention on the disease pattern.
Pre-vaccination Era
In the pre-vaccination era, all children in Saudi Arabia, as in any developing country, were immune to measles by the age of 5 years, but measles-related mortality was much higher in those days. 1 Once the disease was introduced, the high secondary attack rate characteristic of the measles virus meant that transmission continued relentlessly until the proportion of susceptible individuals fell to 3% to 7%. The epidemic then ceased until a pool of susceptibles formed again, mainly from a new cohort of younger children who had lost their maternal antibodies.
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Lessons Learned From Other Countries
In the early years of measles vaccination in developed countries, morbidity and mortality were greatly reduced once adequate coverage was provided. But after this initial success, reported cases of measles in the USA increased 6 to 9 fold in the period 1989-1990 over the previous rate for the period 1985-1988 . 4 This resurgence of cases was a result of the accumulation of unvaccinated susceptible children and children who had vaccine failure. A decline in circulating wild virus, which can play an important role in maintaining protective post-vaccination levels of antibody, 5 may have contributed to this resurgence. Accordingly, a decrease in the circulating wild virus should be compensated through additional doses of vaccine. These changes are consistent with the characteristics of the control phase. As vaccine coverage improves, the proportion of cases with history of vaccination increases. 6 
Control Phase
Introduction of Measles Vaccine in Saudi Arabia Mandatory measles vaccination with the one-dose Schwartz vaccine was introduced in Saudi Arabia in 1982 by royal decree. Although measles vaccination started in 1974 for children aged 1-9 years, measles vaccination became a requirement for obtaining a birth certificate in 1982, a step aimed to increase the coverage rate. Accordingly, the coverage rate increased from 8% in 1980 to 80% in 1984 and to more than 90% in 1990. 7 Although this was accompanied by a remarkable decrease in measles incidence (Figure 1 ), the overall impact of measles immunization was unsatisfactory. A substantial number of cases were still occurring in children younger than 9 months, and measles infection shifted to older age groups, with a large proportion of cases occurring in vaccinated children. 8 Epidemics were still occurring, but with a lower epidemic peak and a longer inter-epidemic period. A follow-up study for measles maternal antibody showed that 33% of children at 6 months of age and 36% at 9 months of age were negative for measles maternal antibody. 9 Assessment of seroconversion after Schwartz measles vaccination at 9 months showed that only 65% had a fourfold rise after immunization. After more than 10 years of using the Schwartz measles vaccine in Saudi Arabia, there was a need for change. 10 
Edmonston-Zagreb Measles Vaccine and the Two-dose Schedule in the 90s
The first task in planning the new measles immunization policy was to solve the problem of primary measles vaccine failure due to persistent maternal antibody. Advancing the age of measles immunization from 9 to 6 months to protect children younger than 9 months was a second objective. A clinical trial was done to compare the immunogenicity of a standard dose of Edmonston-Zagreb (E-Z) with the Schwartz measles vaccine at 6 months of age.
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Children vaccinated with E-Z at 6 months showed a seroconversion of 96% (26/27) compared with 65% (18/28) in children vaccinated with Schwartz at 6 months and 69% (20/29) in children vaccinated with Schwartz at 9 months of age. To verify this result a follow-up study was done to evaluate the pattern of measles antibody after E-Z immunization in Saudi infants. The geometric mean antibody titre (GMT) of measles antibody increased from 79 mIU/mL, two months after E-Z immunization at 6 months of age, to 222 mIU/mL, 9 months after immunization (P=0.0001). 12 This phenomena was described by Sabin as a delayed seroconversion. 13 The use of a standard dose of E-Z at 6 months of age was included in a two-dose vaccination policy as part of a measles elimination strategy, where the measlesmumps-rubella (MMR) vaccine was given at the age of 12 months. This policy was implemented in 1991. Although MMR was given before on a non-compulsory basis, its inclusion as a part of the Extended Program of Immunization (EPI) and as a requirement for obtaining a birth certificate, resulted in an increase in MMR coverage from below 20% before 1991 to more than 90% in 1993.
The impact of implementing the two-dose schedule and maintaining a high coverage of more than 90% was reflected on the epidemiological pattern of measles in Saudi Arabia (Figure 2) . National surveillance data showed that the percentage of cases among children over 15 years of age increased from 10% in 1987 to >40% in 1997, whereas the percentage of cases among the 1-to 4-year age group dropped by 20%. The percentage among 5-to 14-year olds dropped by 10%. 7 A marked reduction in the epidemic peak was noticed, from 500/100 000 in the 1970s to less than 80/100 000 in the 1990s. The incidence among children 6-to 8-months old dropped from >400 per 100 000 before implementation of the new policy to <100 per 100 000 in 1997. In 9-to 11-month olds, the incidence dropped from >200 per 100 000 before the implementation of the new policy to <100 per 100 000 in 1997. 7 But the same surveillance data showed that 50% of measles cases in the 1-to 4-year age group were in vaccinated children, compared with 13% in vaccinated children in those older than 15 years and 20% to 40% in the 5-to 14-year age group. This can be explained, at least partially, by the high vaccination coverage in children younger than 5 years of age, and the therefore higher number of cases of vaccine failure among susceptible children compared with unvaccinated children. The percentage of measles in vaccinated children in relation to the total number of measles cases was 52% according to a survey done in the USA.
14 The situation is different in older age groups where cases occur mainly in unvaccinated children or in children who had only one measles dose.
To serologically evaluate the protective effect of the two-dose vaccine 5 years after implementing the new policy, sera were collected before and two months after MMR at 12 months of age. 15 Before giving MMR at 12 months, 80% of children were seropositive for measles antibody after taking the E-Z vaccine at 6 months of age, but only 60% had a protective level (≥255 mIU/mL). As expected, the antibody level after the first measles dose was lower compared to the early years of implementing the twodose schedule. This can be explained by the decreased natural exposure to measles infection, which acts as a natural boosting to post-immunization antibody. 5 After giving the MMR dose, 100% became positive and >95% had the protective level for measles. Only 70% had seroconversion after MMR. Seroconversion was defined as ≥4-fold increase in the antibody titre from the pre-vaccination titre, or a seropostive titre compared to a seronegative pre-vaccination titre. This low seroconversion rate can be explained by the high pre-vaccination positive rate and was proved by the negative correlation between residual pre-immunization titres and the corresponding titre increase after immunization (r=-0.79). 15 This study showed that the effect of the second measles dose (MMR) was excellent at least in the short term. But the persistence of antibody in the long term was not guaranteed. This was evident by the relatively low seroconversion and the negative correlation between pre-and post-vaccination antibody. Also, the decreased incidence of measles has a negative effect on the persistence of post-vaccination antibody.
Elimination Phase
The cornerstones of measles elimination program are the strengthening of routine and supplementary immunization activities and enhancing surveillance activities and laboratory confirmation of reported measles cases. Immunizations activities and surveillance started in 1998 in Saudi Arabia, but laboratory confirmation did not start until 2001.
MMR Campaign in Schools in 1998-2000
Part of the strategy of the elimination phase was an MMR campaign targeting school age children. The purpose of the campaign was to maintain the number of susceptible individuals in the population below the critical number required to sustain transmission of measles virus in 1998-2000. All school children (>4 million) in Saudi Arabia were vaccinated. The campaign was conducted in two phases. The first phase was conducted in September-October 1998 and included all children (1 691 275 children) in the preparatory and secondary schools. The coverage rate was 96.4%. The second phase was conducted in January-February 2000 and included children in primary school in addition to the first year of preparatory school (2 496 613 children). The coverage rate was 96.6%.
The main objective of the campaign was to prevent a predicted epidemic in school age children by vaccinating children who were not vaccinated and vaccinating those with primary or possible secondary vaccine failure. Another purpose was to reduce the high level of susceptibility to rubella and thus reduce the risk of congenital rubella, as many children, especially older children, had not been given rubella vaccine. 16, 17 During the second phase of campaign, in 2002, pre-and post-campaign samples were collected to evaluate the immune response to the MMR given in the campaign. It was interesting to find that the prevaccination positivity rate (GMT) of the first-grade children, measured by enzyme-linked immunoabsorbent assay (ELISA), was significantly lower than in children in the sixth grade. This finding was supported by surveillance system data, which showed that the proportion of measles cases was greater in the age group 1 to 5 years. 7 Children in the first grade were previously vaccinated with E-Z measles vaccine at 6 months and MMR at 12 months, while children in the sixth grade were vaccinated according to the old immunization schedule of one measles dose at 9 months with or without MMR, in between 2 to 5 years of age. 18 After the campaign, the protection rate reached almost 100%. Evaluation of campaign data together with surveillance information is an important step to optimize the measles immunization schedule. Also, to optimize the immune response to measles vaccination a rapid increase in coverage of school children from 6 years up to 17-18 years is an important step if a measles immunization schedule is to be shifted to a higher age group. The use of two MMR-dose schedules with the first dose at 12 months and the second dose at pre-school age was implemented in 2001. The first dose is being given after nearly complete waning of all measles maternal antibody. The second dose is given after a reasonable interval to prevent any interference from high levels of post-vaccination antibody. To assure the success of this policy, the coverage level should exceed 90% for both doses and the surveillance system should be strengthened.
Follow-up Campaign for Children in the First to Third Grade Primary Schools
In 2002, a national serosurvey, supported by surveillance system data, showed that there was a window of
